Characterizing the influence of fragment crystallization (Fc) and antigen-binding fragment (Fab) on monoclonal antibody (mAb) adsorption at the air/water interface is an important step to understanding liquid mAb drug product stability during manufacture, shipping and storage. Here, neutron reflection is used to study the air/water adsorption of a mAb and its Fc and Fab fragments. By varying the isotopic contrast, the adsorbed amount, thickness, orientation and immersion of the adsorbed layers could be determined unambiguously. Whilst Fc adsorption reached saturation within the hour, its surface adsorbed amount showed little variation with bulk concentration. In contrast, Fab adsorption was slower and the adsorbed amount was concentration dependent. The much higher Fc adsorption, compared to Fab, was linked to its lower surface charge. Time and concentration dependence of mAb adsorption was dominated by Fab behavior although both Fab and Fc behaviors contributed to the amount of mAb adsorbed. Changing the pH from 5.5 to 8.8 did not much perturb the adsorbed amount of Fc, Fab or mAb. However, a small decrease in adsorption was observed for the Fc over pH 8-8.8 and vice versa for the Fab and mAb, consistent with a dominant Fab behavior. As bulk concentration increased from 5 to 50 ppm, the thicknesses of the Fc layers were almost constant at 40 Å, while Fab and mAb layers increased from 45 Å to 50 Å. These results imply that the adsorbed mAb, Fc and Fab all retained their globular structures and were oriented with their short axial lengths perpendicular to the interface.
Introduction
Monoclonal antibody (mAb) therapies are fast becoming effective treatments for many diseases worldwide. 1 Many therapeutic mAbs are of the IgG1 isotype and (like isotypes IgG2, 3 and 4) comprised of a fragment crystallization (Fc) and two antigen-binding fragments (Fabs). The Fc comprises constant domains C H γ3 and C H γ2 for each of the two heavy chains, linked via a hinge to C H γ1 and a variable domain (V H ), which together with the light chain C L κ/λ and V L domains comprise each Fab; Asn297 on C H γ2 harbors the biantennary N-glycan comprising a core structure of two β-D-N-acetylglucosamine (GlcNAc) and three mannose (Man) residues, partially fucosylated as in the predominant G0f: GlcNAc 2 Man 3 GlcNAc 2 Fuc. 2 Like many other protein molecules, mAbs are amphiphilic and capable of adsorbing and desorbing from the air/water interface. 3 This interfacial behavior is relevant to manufacturing processes where a liquid mAb product may be exposed to air during fill-finish into a container closure system, or during shipping/storage of vials filled with liquid drug product. It is also relevant to the intravenous administration of an mAb at very low concentrations via a giving set, where significant adsorption to the infusion bag, air/water interface and tubing may result in a lower than desired dose. 4, 5 One could expect to quantify the loss of mAb in this scenario using a facile UV-vis spectroscopy method, though characterizing the nature of the adsorbed layer(s) has proven more complex. Supplementary surface tension measurements (which are well established, relatively straightforward and usefully employed in this field 6 ) could next be used to generate surface pressure data but these provide little insight to the structural implications for the adsorbed protein. A number of reports on mAb adsorption at the interface have employed either fluorescently-or nonlabelled protein with spectroscopic and microbalance techniques. [7] [8] [9] Thus, a body of evidence is emerging and is reasonably in agreement with regard to the extent of mAb adsorption at interfaces under various surface and buffer conditions. In addition to quantifying the adsorbed layer, infrared spectroscopy has been used to probe mAb unfolding at the interface. 10 Similarly, measurement of hydrophobicity of the mAb layer adsorbed at the air/liquid interface via Nile Red fluorescence provides a simple tool to infer the kinetics of adsorption and unfolding. 11 The adsorption-unfolding-desorption sequence of events is generally regarded to increase the propensity of protein aggregation through partially folded intermediates; a recent report proposing that electrostatic interactions remain dominant. 12 The relationship between mAb adsorption and the generation of particulates has also been demonstrated through competition with increasing polysorbate 20 concentrations, in agitated siliconized syringes. 13 To more precisely capture the change in alignment, reorientation and conformation of adsorbed protein molecules as a function of surface fraction it is necessary to probe the interface using neutron reflection (NR). 14 Such detailed data is well established for several surface active proteins encompassing a variety of structural motifs. 15, 16 Thus, it is expected that NR will play an increasingly important role in determining mAb surface active behavior at the level of the individual domains and thereby help mitigate the risk of adsorption induced unfolding and aggregation.
Prior work by our group in this area set out to study mAb adsorption at the air/liquid interface in the presence of polysorbate 80, which is widely added to mAb drug substances. 17 Comparing Fc and Fab adsorption under similar conditions will lead to an understanding of how these fragments affect the behavior of the whole mAb. As a first step towards this goal, Fc and Fab domains were obtained by digestion and re-purification of an IgG1 termed 'COE-3'. The propensity of each domain versus the intact mAb to undergo reorientation and unfolding at the interface can then be related to the physiochemical properties of the two bulk phases which have a distinct physicochemical nature. Through the NR study, the amount and structural conformation of the adsorbed fragment and antibody layers at the air/water interface can be determined with the help of isotopic contrasts, achieved by varying the ratio of H 2 O and D 2 O. We show that adsorbed mAb is most accurately represented by a uniform layer, indicating no unfolding or leading to the formation of polymer-like distributions along the surface normal direction. However, Fc and Fab behave differently and their respective contributions to the interfacial behavior of the mAb are quite different and explored herein.
Because Fc is relatively more hydrophobic, it prefers to project out of the surface of water.
This study has demonstrated the power of NR in helping to investigate how the constituent fragments affect the amount and structural conformation of adsorbed mAb molecules.
Materials and experimental methods

Materials
The mAb used in this study, COE-3, was expressed in Chinese hamster ovary cells and purified using industry-standard methods by MedImmune. Roberts The stock samples were stored under -80 °C and when needed, each was thawed and diluted directly into histidine buffer at pH 5.5, also at the ionic strength of 25 mM. Samples were diluted into subphases of different ratios of H 2 O and D 2 O under the same ionic strength and pH as specified. Phosphate buffers (sodium salts) were used to prepare buffer solutions at other pHs (7, 8 and 8.8) studied in this work, again with the total ionic strength fixed at 25 mM. As the concentrations studied in this work were very low, typically below 1 mg/ml (1000 ppm), sample dilutions into D 2 O introduced very low levels of H 2 O, with the exact amount noted and taken into account during neutron data analysis. The translated sequences of the heavy and light chains are given in Table S1 of the Supporting Information, allowing the relevant physical properties such as scattering lengths (SL) and scattering length densities (SLD, ρ) to be calculated under different solvent isotopic contrasts (Table 1) . D 2 O (99% D), histidine and histidine hydrochloride were purchased from Sigma-Aldrich and also used as supplied. H 2 O was processed using an Elgastat PURELAB water purification system. SL and SLD for H 2 O, D 2 O are given in Table S2 from which any different ratios of them can be calculated.
Neutron reflection measurements
NR measurements were carried out using the SURF reflectometer at ISIS Neutron Facility, Rutherford Appleton Laboratory, STFC, UK. The neutron optical system in SURF provides the neutron wavelength range typically between 0.5 and 6.9 Å. With the help of a supermirror setup, neutron reflectivity can be measured at the three incidence angles of 0.35, 0.8 and 1.5°, covering a momentum transfer range () from about 0.01 to 0.5 Å -1 . The reflectivity from a clean air/D 2 O surface was first measured as calibration. All the measurements were carried out at the room temperature of 20 ± 3 °C.
Key structural constants needed for undertaking the model analysis using the above equations are listed in Table 1 , with further information about the elementary scattering lengths and means to calculate the SLs and SLDs of Fab, Fc and COE-3 under different water contrasts given. SL or SLD varies in response to the exact ratio of H 2 O and D 2 O as shown in Table 1 .
This arises from the exchanges of labile Hs on the amide bond linkages and polar and charged side chains with Ds from the solvent. 
Results and discussion
NR measurements and data analysis
The relationship between the optical geometry of the neutron beam and the surface adsorbed mAb layer is schematically shown in Figure 1 . Neutron reflectivity, R, is often plotted as a function of momentum transfer,, perpendicular to the reflecting surface:
where  is the beam incidence angle and  the wavelength. R usually decays fast against  above the critical point. 19 As often observed in optical systems, interferences also occur in neutron reflection and scattering, with peak positions occurring by following  = 2nπ/ (where  denotes film thickness and n is an integer). Hence, the larger the layer thickness the lower  at which interference occurs. Each mAb molecule is comprised of an Fc and 2 Fabs, with each of them having the shortest dimensions ranging from 40 to 50 Å. [20] [21] [22] Importantly, the surfaces of the Fc and Fab bear different charges and polar groups. Thus, they tend to show amphiphilic characteristics. As discussed above, it is useful to establish how Fc, Fab and mAb molecules adsorb individually. Since these molecules are much larger than typical surfactants and lipids, that have been extensively studied by neutron reflection, the measurable reflectivity tends to fall over the low  range, mostly below 0.1 Å -1 . 24 SLD for the water mixture is zero. This mixed water is termed null reflecting water (NRW) as at the air/NRW interface no specular reflection occurs. Upon adsorption of mAbs or their fragments at this interface, specular reflection arises entirely from the adsorbed layer. Hence, the specular reflectivity only contains information about the adsorbed mAb layer in NRW, providing an accurate determination of the adsorbed amount and layer thickness. 25 Figure 2A shows the exemplar reflectivity profiles measured at 12.5 and 50 ppm (12.5 and 50 g/ml) of Fc under pH 5.5 from the surface of NRW. The difference between the reflectivity profiles is very small, showing that an increase in bulk Fc concentration is only associated to a small increase in adsorbed amount. To avoid the possible time dependent effect, these reflectivity profiles were measured 3-5 hr after the surfaces were equilibrated.
The reflectivity profiles were analyzed using Motofit 26 and the algorithm was based on the optical matrix formalism as described by Born and Wolf. 27 The fitting process started with the simulation of an interfacial model from which the reflectivity was calculated. The calculated reflectivity was then compared with the measured one and the process was iterated until the best fit was obtained from the χ 2 values from the fitting and visual assessment. The adsorbed layer may need to be divided into a series of sublayers to account for the structural changes along the surface normal direction and each of the sublayers is described by thickness (τ i ), scattering length density (ρ i ) and roughness, where appropriate. A uniform layer model is often the easiest starting point for protein adsorption, where the volume fraction ( p ) in the layer can be expressed as:
where ρ and ρ p are the SLDs of the protein layer. The area per protein molecule (A p ) can be obtained using:
where V p is the volume of the protein and τ p is the thickness obtained from the fit (in Å). The surface adsorbed amount or surface concentration ( p , measured in mg/m 2 ) can be expressed as
where MW is the protein molecular weight (in g/mol) and A p is in Å. 25 Using the above approach, the best fits, shown as continuous lines through the measured reflectivity profiles in Figure 2A , led to  p = 1.3 and 1.7 mg/m 2 from the Fc adsorption at the two concentrations, with thickness constant at around 402 Å. For comparison, Figure 2B shows the two reflectivity profiles measured from Fab adsorption under the same concentrations. The two reflectivity profiles differ both in their intensity and slope in this case, showing very different adsorbed amount and layer thickness. The best uniform layer fits led to  p = 0.5 and 1.1 mg/m 2 from Fab adsorption at the two concentrations, with thicknesses at 452 and 502 Å, respectively. Unlike Fc, Fab adsorption is clearly concentration-dependent. Figure 2C shows the two reflectivity profiles measured for the mAb under the same concentrations. Like Fab adsorption, the two reflectivity profiles differ both in intensity and slope, showing the clear effect of mAb concentration. The best uniform layer fits revealed that  p = 1.0 and 2.0 mg/m 2 at the two concentrations, with thicknesses at 45 and 502 Å, respectively. Thus, whilst changes in concentration affect layer thickness and the adsorbed amount in a manner similar to the Fab adsorption, the actual mass of mAb adsorbed almost doubled.
Time and concentration dependent adsorption
From the reflectivity analysis approach as described above, the time-dependent adsorption processes were also examined, with the results shown in Figure 3A for Fc, Figure 3B for Fab and Figure 3C for mAb. As each reflectivity measurement requires a minimum of 40-60 min to achieve the statistically acceptable quality, any dynamic process faster than 1 hr would not be resolvable. It can be seen from Figure 3A that Fc can adsorb fast and tends to equilibrate within the first 1-2 hr as the adsorbed amount increases very slightly after this period. In contrast, Fab adsorption is clearly slower and the dynamic process occurs over the period of several hr. Over the low concentration range below 12.5 ppm, the dynamic process lasted Figure 3C ) is broadly similar to that as described from Fab adsorption, that is, the adsorption tended to equilibrate faster with higher concentration, showing the dominant influence of the two Fabs to the behavior of the mAb. Figure 4A ) is clearly higher than that obtained from Fab, but the Fc adsorbed amount shows a reluctant increase with increasing bulk concentration whilst that of the Fab shows a fast increase. This rate of concentration-dependent increase is clearly inherited by the mAb and more interestingly, the amount of mAb adsorbed is also influenced by Fc: its adsorbed amount is greater than that of Fab but lower than that of Fc. However, the rate of concentration-dependent rise is similar to that of Fab. This leads the mass adsorbed amount for mAb to cross that of Fc at 15 ppm. Above this concentration, the mAb displays an adsorption above Fc and Fab. This means that the mAb combines the different features of its fragments to reach a newly balanced amphiphilicity that bears the distinct influences from its constituent fragments. Figure 4B shows that when the adsorbed amount is presented in nmol/m 2 , the Fab and the mAb have almost identical adsorption curves against bulk concentration whilst the molar adsorbed amount of Fc is 2-3 times greater, again showing that Fc is significantly more hydrophobic.
Effect of solution pH
The results as shown above were measured at pH 5.5. As the isoelectric points for Fc, Fab and mAb vary between pH 7 and 10 ( Figure S1 ), pH shift affects their charges differently.
To examine how surface adsorption is affected by solution pH, changes in adsorbed amount were also examined at several other pH values up to 8.8. The time-dependent change of the adsorbed mass of Fc is shown in Figure 5A , that for Fab in Figure 5B and that for mAb in Figure 5C . It can be seen from Figure Table S1 shows the translated sequences of heavy and light chains of COE-3. Sequence alignment as shown in Table S3 reveals the complete identity between the COE-3 Fc and the Fc reported for a human IgG1 in the Protein Data Bank (PDB ID 1HZH) 20 and 96% similarity to another human Fc (PDB ID 1H3T). 21 In contrast, alignment of the COE-3 Fab sequence with that of the 1HZH Fab as shown In Figure S2 depicts the projections of the crystalline structure of Fc. It is approximately in a doughnut shape, with the outer diameter of 70 Å and height of 40 Å. In contrast, Figure S3 depicts the projections of the crystalline structure of Fab. It is approximately in a disc shape but still has a large 'dent' in the center, with the outer diameter of 80 Å and height of 45 Å. Figure S4 illustrates the projections of the whole mAb in which the fragments are packed with their short axial lengths aligned perpendicular to the substrate surface, resulting in a height of ca 45 Å and a width of ca 100 Å. The thicknesses measured from NR are close to the short dimensions of Fab and Fc, [20] [21] [22] [23] suggesting that both Fab and Fc retain their globular structures, and that they do not suffer from any measurable deformation either. An increase in bulk concentration led to increased surface packing density but the Fc layers did not show any measurable change in thickness, although the Fab layers did increase from 45 to 50 Å arising from possible adjustment in structural conformation. Figure S2 shows that the charges on Fc are rather uniformly distributed. It can however be seen from Figure S3 that the surface viewed from the 'left side' bears distinctly more charged groups than that from the 'right side'. The presence of unevenly balanced charge distributions could help the tilting of the Fab once the surface is sufficiently packed.
Changes in layer thickness and extent of immersion in water
The tilting of surface adsorbed lysozyme molecules has been previously observed by NR studies. 28 Its transition of surface conformational orientations with rising packing density is also thought to be affected by the uneven charge distribution on the molecular surface. The pH-dependent thickness changes were also assessed and similar results were obtained for Fc, Fab and mAb, suggesting that pH variation did not cause measurable differences within the conditions studied. As shown from Figure 6B , increase in pH from 5.5 to 7 led to little change in their adsorption. Further pH increase from 8 to 8.8 led to modest decline in Fc adsorption but Fab adsorption showed a clear rise. The adsorption of mAb was dominated by the Fabs, modulated by Fc, resulting in a slight increase. Figure S1 depicts how the net charge on each fragment varies with increasing pH. Fc bears the lowest net charge over the pH range studied and this may explain why it adsorbs most on the molar basis as shown in Figure 6B . In contrast, Fab has the highest net charge and this fits to its persistent lowest adsorption. The mAb adopts an intermediate position, also consistent with its net charge distribution across the pH range studied. An absence of thickness change indicates that the structural conformations adopted by Fc, Fab and mAb molecules on the surface of water did not alter whilst their surface charges varied, implying their robustness against pH. In contrast to the pH-dependent changes as observed from surface adsorption of lysozyme and BSA, 28, 29 the relative changes in adsorbed amount and layer thickness from mAb and its segments are small in spite of the large decrease in their net charges with rising pH ( Figure S1 ).
As already outlined, the reflectivity profiles measured from NRW reveal the area per molecule (A p ) and layer thickness from which the globular state and layer packing can be inferred. As shown in Table 2 , A p can be estimated from the uniform layer modelling, giving 5100 Å 2 for Fc against its limiting value of 4600 Å 2 , and 6800 Å 2 for Fab against its limiting value of 4000 Å 2 as shown from the projections in Figure S2 and S3. The differences between them reveal the greater extent of layer packing from Fc due to its greater surface activity. Note that this only reflected the extent of layer packing at 50 ppm. In contrast, A p was found to be about 12000 Å 2 for the mAb and is the same as the limiting area estimated from the lateral packing of 1 Fc and 2 Fabs, assuming that each adopts its own limiting area as described above. This reveals a closer packing for the mAb layer compared to its constituent Fc and Fab layers whilst also taking into account the projection as schematically shown in Figure S4 .
The The outcome of the data analysis is also shown as schematic drawings in Figure 8 , where it can be seen that both Fc and Fab fragments are partially immersed. The total Fc layer is thinner than that of the Fab layer, but the mAb layer is maintained under similar thickness to that of the Fab layer, showing that all the fragments are also packed in parallel in the mAb layer. As also evident from Table 2 , the Fc shows preferable adsorption out of the surface of water because of its relatively more hydrophobic nature.
Both lysozyme and BSA layers were found to have the portion of some 10-15 Å exposed to air, with the exact extent being dependent on solution conditions. Thus, this feature of 10-15 Å of the top region being exposed to air seems to be rather common for the adsorbed protein layers. This feature is also evident from Table 2 for all adsorbed layers studied here; as the Fc is less charged and more hydrophobic its top layer of 15 Å in air occupies a greater fraction, although this effect does not appear in the mAb layer.
The concentration range of Fab, Fc and mAb studied in this work was relatively low due to the limited amount of samples available. However, the nature of surface adsorption of proteins is such that they tend to reach saturation at rather low bulk concentrations. As evident from Table 2 , the average volume fraction of mAb or its fragments packed in the layer at 50 ppm reached some 0.3. At such a high packing density, it is likely that physical interactions occur within the adsorbed layer, causing structural deformation or entanglement, with different implications on their ability to desorb. This is an aspect that will be pursued in future work.
These results present some biopharmaceutical considerations: i) modelling the net surface charge during the design and engineering of a mAb candidate provides information that can be correlated to adsorption behavior; ii) alteration of the formulation buffer pH, particularly over the mildly acidic range commonly used for mAbs, does not have significant impact on adsorption behavior; iii) adsorption at relatively high surface packing densities is not necessarily associated with extensive conformational unfolding, though the effect of packing on desorption needs further investigation; iv) high surface packing densities exist even at low bulk concentrations and may impact the dose administered via a giving set containing very low mAb concentrations. 
Conclusions
NR has been used in this work to study the surface adsorption of a mAb and its constituent The net charge on Fab, Fc and mAb varied as pH increased from 5.5 to 8.8, but these charge differences did not appear to cause any major changes in adsorbed amount, although there was a small and opposite trend of adsorption between Fab and Fc from pH 8 to 8.8. The layer thicknesses remained little changed, showing that mAb and its constituent fragments remained globular and held similar conformations, even though they carried different charges. Although the concentration range studies were low, the average surface volume fraction from the adsorbed layer at 50 ppm reached 0.3, which is quite high for protein
systems. Under such a high surface packing density, molecules can easily become deformed and entangled. Future work will examine how desorption is affected by different surface packing density.
Supporting Information
The Supporting Information including sequences for the light and heavy chains of the mAb studied here and comparisons against the one with crystalline structures of its fragments is available free of charge on the ACS Publications webpage. 1HZH Fc 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1HZH Fab 
Support Information
Neutron reflection study of surface adsorption of Fc, Fab and the whole mAb
C P P C P A P E L L G G P S V F L F P P K P K D T L M I S R COE-3 Fc C P P C P A P E L L G G P S V F L F P P K P K D T L M I ST P E V T C V V V D V S H E D P E V K F N W Y V D G V E V H T P E V T C V V V D V S H E D P E V K F N W Y V D G V E VN A K T K P R E E Q Y N S T Y R V V S V L T V L H Q D W L N N A K T K P R E E Q Y N S T Y R V V S V L T V L H Q D W LG K E Y K C K V S N K A L P A P I E K T I S K A K G Q P R E G K E Y K C K V S N K A L P A P I E K T I S K A K G Q P RP Q V Y T L P P S R D E L T K N Q V S L T C L V K G F Y P S P Q V Y T L P P S R D E L T K N Q V S L T C L V K G F Y PD I A V E W E S N G Q P E N N Y K T T P P V L D S D G S F F D I A V E W E S N G Q P E N N Y K T T P P V L D S D G S FL Y S K L T V D K S R W Q Q G N V F S C S V M H E A L H N H L Y S K L T V D K S R W Q Q G N V F S C S V M H E A L H NY T Q K S L S L S P G K C P P C P A P E L L G G P S V F L F Y T Q K S L S L S P G K C P P C P A P E L L G G P S V F LP P K P K D T L M I S R T P E V T C V V V D V S H E D P E V P P K P K D T L M I S R T P E V T C V V V D V S H E D P EK F N W Y V D G V E V H N A K T K P R E E Q Y N S T Y R V V K F N W Y V D G V E V H N A K T K P R E E Q Y N S T Y R VS V L T V L H Q D W L N G K E Y K C K V S N K A L P A P I E S V L T V L H Q D W L N G K E Y K C K V S N K A L P A P IK T I S K A K G Q P R E P Q V Y T L P P S R D E L T K N Q V K T I S K A K G Q P R E P Q V Y T L P P S R D E L T K N QS L T C L V K G F Y P S D I A V E W E S N G Q P E N N Y K T S L T C L V K G F Y P S D I A V E W E S N G Q P E N N Y KT P P V L D S D G S F F L Y S K L T V D K S R W Q Q G N V F T P P V L D S D G S F F L Y S K L T V D K S R W Q Q G N VQ V Q L V Q S G A E V K K P G A S V K V S C Q A S G Y R F S COE-3 Fab Q V N L R E S G G G L V Q P G G S L R L S C A A S G F T FN F V I H W V R Q A P G Q R F E W M G W I N P Y N G N K E F S Y A M S W V R Q A P G K G L E W V S A I S G S G G S T YS A K F Q D R V T F T A D T S A N T A Y M E L R S L R S A D A D S V K G R F T I S R D N S K N S L Y L Q M N S L R A ET A V Y Y C A R V G P Y S W D D S P Q D N Y Y M D V W G K G T A V Y Y C A R R S I Y G G N Y Y F D Y W G RT T V I V S S A S T K G P S V F P L A P S S K S T S G G T A T L V T V S S A S T K G P S V F P L A P S S K S T S G G TA L G C L V K D Y F P E P V T V S W N S G A L T S G V H T F A L G C L V K D Y F P E P V T V S W N S G A L T S G V H TP A V L Q S S G L Y S L S S V V T V P S S S L G T Q T Y I C P A V L Q S S G L Y S L S S V V T V P S S S L G T Q T Y IS G S G T D F T L T I T R V E P E D F A L Y Y C Q V Y G A S S G S G T D F T L T I S S L Q P E D F A T Y Y C Q Q S Y SS Y T F G Q G T K L E R K R T V A A P S V F I F P P S D E Q P L T F G G G S K V E I K R T V A A P S V F I F P P S D EL K S G T A S V V C L L N N F Y P R E A K V Q W K V D N A L L K S G T A S V V C L L N N F Y P R E A K V Q W K V D N AD Y E K H K V Y A C E V T H Q G L R S P V T K S F N R G E C D Y E K H K V Y A C E V T H Q G L S S P V T K S F N R G E C Light Chain
Similarity
74.49%
No. of amino acid residues Heavy Chain Figure S1 . Charge distributions as a function of pH for Fab and Fc and one third of the whole COE-3 (1/3 contribution from 1 Fc and 2 Fabs). These charge distributions were calculated with a Debye-Hückel model for pKa changes due to charge-charge interactions, applied at an ionic strength of 0.025 M to mAb, Fc and Fab models previously generated for COE-3 (Roberts et al Mol. Pharm. 2014, 11, 2475) .
Note that these charge variations against pH as calculated from the constituent amino acids are different from the measured IP values from real experimental measurements due to the ignorance of charges on sugar groups and associations with ions from bulk solution. 28 Fc of 1HZH: Figure 
